Supported metal catalysts, which are composed of metal nanoparticles dispersed on metal oxides or other high-surface-area materials, are ubiquitous in industrially catalysed reactions. Identifying and characterizing the catalytic active sites on these materials still remains a substantial challenge, even though it is required to guide rational design of practical heterogeneous catalysts. Metal-support interactions have an enormous impact on the chemistry of the catalytic active site and can determine the optimum support for a reaction; however, few direct probes of these interactions are available. Here we show how benzyl alcohol oxidation Hammett studies can be used to characterize differences in the catalytic activity of Au nanoparticles hosted on various metal-oxide supports. We combine reactivity analysis with density functional theory calculations to demonstrate that the slope of experimental Hammett plots is affected by electron donation from the underlying oxide support to the Au particles.
H eterogeneous catalysts are widely used in the chemical industry, particularly in petroleum refining, bulk chemicals production, pharmaceuticals and fine chemicals synthesis, and environmental remediation 1 . Supported metal nanoparticle catalysts, which consist of an active metal component dispersed on a high-surface-area solid, are one of the most important classes of industrial catalyst 1 . Our ability to control and tune catalysts is impacted by our ability to identify and understand the factors that control the chemistry at the active site [2] [3] [4] . Numerous strategies have been employed to improve catalyst reactivity. For example, simply changing the underlying support may influence the morphology of metal nanoparticles 5 and associated electronics [5] [6] [7] [8] [9] ; this, in turn, can have significant effects on catalytic activity [10] [11] [12] [13] and selectivity 14 . Identifying and characterizing catalytic active sites, however, remains difficult for supported nanoparticle catalysts because these materials are inherently non-uniform 15 . This presents substantial challenges to understanding the variables that give rise to the chemistry occurring at the active site.
The electronic interactions between a metal nanoparticle and its oxide support are important, but complicated. Charge transfer between the two components can occur in either direction depending on the metal, the reducibility of the support, the exposed metal facets and the presence of defects [5] [6] [7] [8] [9] [16] [17] [18] . There are few good methods for evaluating how these potential effects might influence the catalysis. Here, we report the use of a Hammett probe reaction to directly measure electronic differences in the catalytic active site of supported Au nanoparticles. We use this reactivity analysis as a catalyst descriptor along with density functional theory (DFT) studies to demonstrate that the experimental Hammett slopes correlate with the ability of the underlying oxide support to donate charge to the metal particle.
Haruta's seminal discovery of low-temperature CO oxidation activity over supported Au nanoparticles 19 sparked a wave of exploration into gold catalysis 20 . Although non-aerobic processes have been investigated 21, 22 , the majority of studies have focused on CO oxidation 19, 20, 23, 24 , organic oxidations [25] [26] [27] and oxidative couplings 28, 29 . Selective alcohol oxidations have been of particular interest due to the high selectivity for aldehydes and ketones. Benzyl alcohol (BA) selective oxidation has been particularly well studied 13, 30, 31 . Three elementary steps may impact the BA oxidation rate over Au catalysts: (1) substrate adsorption onto the support, presumably through hydrogen-bonding interactions between the alcohol and support hydroxyls, (2) proton transfer from the alcohol to the support yielding a more reactive alkoxide, and (3) hydride transfer from the benzylic carbon to the Au nanoparticle. Strong evidence that the hydride transfer step is rate-determining was demonstrated by kinetics studies over Au/CeO 2 (ref. 32 ) and Au/TiO 2 (ref. 33 ) catalysts, which reported a primary kinetic isotope effect (KIE) for the benzylic C-H. Hammett studies confirmed the build-up of positive charge on the benzylic carbon in the rate-determining step (RDS), which was further supported by spin-trapping experiments 34 .
The underlying support has significant effects on many Aucatalysed reactions, particularly BA oxidation 30, 32 . Because the RDS involves hydride transfer from the benzylic carbon to Au ( Fig. 1 ), we hypothesize that support effects are related to the electron richness of the Au surface. This is a particularly difficult catalyst property to evaluate and we are unaware of experimental methods that directly probe subtle differences in the surface electronics of reaction centres during a reaction.
Hammett reactivity studies are classic tools for evaluating charge transfer during a reaction, and they provide a potential new probe for catalyst electronic effects 35 . Hammett studies are typically performed by substituting the para position of a phenyl ring and measuring differences in the reaction rates. The electron-donating or -withdrawing ability of the substituent is quantified by its substituent constant or sigma (σ) value. Sigma is defined by the effect of the substituent (x) on the benzoic acid dissociation constant in water (σ x = log(K x /K BA )). When the logarithm of the reaction rate varies directly with σ, a linear free energy relationship (LFER) is said to exist. The reactivity differences are interpreted in terms of changing electron richness/poorness of the benzylic carbon and are commonly used as a semiquantitative evaluation of the charge build-up at the benzylic carbon in the reaction transition state 36 .
The Corma 32 and Fristrup 33 groups previously demonstrated that BA oxidation rates are linearly correlated with σ + (σ + values are derived from a slightly different reference reaction to account for resonance stabilization effects when a positive charge develops in the transition state) 36 . The negative slope of this line, defined as ρ, indicates a build-up of positive charge on the benzylic carbon in the RDS transition state. This was key mechanistic evidence that hydride transfer to the Au surface was rate-determining (middle image, Fig. 1 ) 32, 33 . Based on these results, we reasoned that a series of carefully performed Hammett studies would provide a new method for describing differences in catalyst active sites and could be a useful tool for studying supported-nanoparticle surface electronics.
Results
We compared a series of 1 wt% Au catalysts supported on several different oxide supports (Au/Al 2 O 3 , Au/SiO 2 , Au/TiO 2 and Au/ZnO). Turnover frequencies (TOFs, Table 1 ) were determined using kinetic thiol poisoning titrations to estimate the number of active sites 37 . Briefly, the reaction rate was measured as a function of substoichiometric amounts of added thiol. Extrapolating plots of rate versus thiol added to zero activity and assuming a thiol: active site stoichiometry of unity estimated the number of active sites 37 . The resulting TOFs vary by a factor of two, indicating a clear support effect on the catalytic activity of the reaction centres.
Hammett studies. Figure 2a shows a complete Hammett study using a 3 wt% Au/Al 2 O 3 catalyst, plotting the log of the reaction rate versus σ + . As Corma 32 and Fristrup 33 showed, BA oxidation correlates far better with σ + than σ (Supplementary section 'Substituents and substituent constants'). The negative slope of the line in Fig. 2a (defined as ρ obs for that catalyst) indicates that the RDS transition state develops a partial positive charge on the benzylic carbon that is resonance stabilized by electron-donating substituents on the phenyl ring 36 . This is entirely consistent with aforementioned mechanistic studies that implicate hydride transfer Au as the RDS [32] [33] [34] .
Our initial studies examined four benzyl alcohols (BAs and parasubstituted -OCH 3 , -CH 3 and -CF 3 ) over the four 1% Au catalysts. The rate for unsubstituted benzoic acid (or the -H substituent) was consistently faster than predicted by the Hammett relationship for the substituted BAs (Supplementary section 'Substituents and substituent constants'). We therefore performed an additional study that included -Cl and -t Bu substituted BA ( Fig. 2a ). The -Cl substituted BA is consistent with the trend for other similarly sized substituents (-OCH 3 , -CH 3 and -CF 3 ). Unsubstituted BA and the larger -t Bu substituted BA showed opposite trends, indicating that sterics may play an important role in surface reactions.
Hammett studies are traditionally used for solution-phase reactions where both reacting species are generally free to adopt orientations that minimize steric interactions. For a heterogeneously catalysed reaction, however, the Au nanoparticle is immobilized on a support. BA mobility is also constrained by its adsorption on the support through the alcohol group. Consequently, for BA oxidation to occur, the support-adsorbed BA must approach the catalytic active site with the phenyl ring largely parallel to the surface of the Au nanoparticle. Relative to a solution-phase reaction, this forces greater steric interactions between the phenyl ring substituents and the Au surface.
To better illustrate these effects, we calculated the distance to which each substrate can approach a Au(111) surface, using the optimized substrate geometry and constraining the phenyl ring to be parallel to the surface. The approach distance (d, table in No correlation is found between ρ and particle size, support isoelectric point or XPS data; a weak correlation is found between ρ and the oxide bandgaps. Reported errors are standard deviations from experimental measurements or-for support bandgaps-available literature values. a Not measured. b The Au 4f7/2 and 4f5/2 peaks were convoluted due to contributions from the Zn 2p photoelectron peak.
NATURE CHEMISTRY DOI: 10.1038/NCHEM.2911 Fig. 2 ) was then defined as the distance between the phenyl ring and Au(111) surface. The large t-butyl group clearly prevents the substrate from approaching the surface, while the -CH 3 , -OCH 3 , -Cl and -CF 3 substituents have comparable approach distances. The unsubstituted BA can approach slightly closer. Although this is a simplification of the support-nanoparticle interface, it clearly illustrates the importance of the substituent sterics in this reaction. Based on the reactivity data and this analysis, we did not include the -H or -t Bu substituents in the Hammett studies used to describe the 1% Au catalysts (Fig. 3a) . Instead, the unsubstituted BA activity was used as a separate measurement for comparing the Hammett trends over the various metal oxide supported Au catalysts (Fig. 3b ). We note that including unsubstituted BA in the Hammett analysis does not change any of the determined slopes by more than 0.02, so this exclusion has no effect on the overall conclusions of the study. The ρ obs values ( Fig. 3a ) range from −0.36 for Au/ZnO to −0.87 for Au/Al 2 O 3 , indicating that Hammett studies probe subtle differences in catalytic active sites and that the underlying support significantly influences the active-site electronics. For comparison, if the supports had no influence on the transition-state energy, the ρ values would be the same and the lines in Fig. 3a would be parallel. To express these relationships in terms of traditional LFERs, each catalyst can be referenced back to the original σ + parameters:
Because each catalyst shows a LFER with the σ + values, differences in ρ obs can be directly attributed to differences in the ability of the catalyst to stabilize the hydride transfer transition state (see DFT studies below). Furthermore, because these Hammett studies directly probe hydride transfer to the active site on Au during the RDS, they are not influenced by other reaction parameters such as the number of active sites on the catalyst. Fundamentally, the Hammett parameter ρ measures the reaction's sensitivity to subtle differences in substrate electronics. This is traditionally interpreted in terms of stabilization of charge build-up in the transition state of the RDS. During hydride transfer, any positive charge that builds on the benzylic carbon must be compensated by a combination of negative charge on the Au and loss of negative charge on the alkoxide. It follows that the reaction rate will be affected by both the substituent and the catalyst's ability to stabilize the developing hydride. Consequently, for these reactions, the experimental ρ obs values are simultaneously influenced by two similar electronic effects: (1) the substituent's ability to help to stabilize or destabilize the positive charge on the benzylic carbon and (2) the catalyst's ability to stabilize negative charge on the Au. The experimental data clearly show the underlying support has an important influence on this sensitivity, with Au/Al 2 O 3 and Au/SiO 2 being very sensitive to differences in substrate electronics and Au/TiO 2 and Au/ZnO being less sensitive.
Relationship between Hammett studies, BA oxidation activity and physical characterization data. The measured TOFs for unsubstituted BA closely correlate with ρ obs (Fig. 3b ). Although this is not a LFER, the correlation shows BA operates by the same mechanism as the substituted reactants and is influenced by the same electronic effects. The primary difference is that H is smaller than the other substituents, which allow BA to more closely approach the Au nanoparticle, making BA slightly more reactive than the trend based on the larger substituents. This also means that the conclusions from the Hammett studies using substituted BAs can be directly applied to BA (that is, including BA in the Hammett plots results in no significant differences in the ρ obs values). For simplicity, further comparisons are therefore made with BA.
We sought to correlate the trend in BA reactivity and Hammett studies with characterization data from standard techniques (Table 1) . First, the Au particle sizes are similar (∼3 nm), and ρ obs shows no correlation with the small variations in particle size. Au/SiO 2 and Au/Al 2 O 3 have similar ρ obs values yet have the largest and smallest particles in the study, respectively. A weak correlation exists between ρ obs and the literature bandgap values and the X-ray photoelectron spectroscopy (XPS) O(1s) peak position (Supplementary section 'Catalyst characterization data'), demonstrating that the Hammett studies report on a subtle, yet important, influence of the support on the Au nanoparticles.
Correlations with the Au XPS data (4d and 4f peaks) are unclear. These physical characterization methods are essentially bulk measurements for 3 nm Au nanoparticles. A significant advantage of the Hammett methodology is that it only probes the catalytic active sites. This is particularly important for materials where the active site may have a somewhat different electronic environment from even other surface atoms, such as atoms at the metal-support interface. These metal-support interface sites are often invoked in explaining the high activity of Au catalysts, so Hammett studies may be particularly useful in probing these systems.
DFT studies: Au particle charge effects. We applied DFT to firmly establish the relationship between the Hammett studies and the charge at the surface of the Au particle, hypothesizing that differences in ρ obs are due to differences in the electron richness of the Au active sites. These sites will be heavily influenced by the support, particularly if they are primarily at the metal-support interface. DFT modelling of the entire reaction pathway over Au particles on four model support structures was deemed too costly. We therefore investigated only the rate-limiting hydride transfer, using a 35-atom Au cluster (∼1 nm) to represent the Au nanoparticle in our DFT model. We note that O 2 binding is thermodynamically unfavourable in this model (Supplementary section 'Computational data'), so we focused our analysis on the rate-determining hydride transfer step.
Initially, we wanted to isolate our DFT studies to probe only the effects of particle charge; however, attempts to model the reaction using only BA and the Au cluster were unsuccessful. We discovered that, while not rate-limiting, the weak Brønsted base functionality of the support is critical for this reaction. To simply and inexpensively incorporate this acid-base chemistry into the computational model, we included an NH 3 molecule near the Au 35 cluster. Note that the experimental results also show no correlation between ρ and the support isoelectric point or the O 1s XPS peak energy, indicating that the differences in ρ do not arise from variations in support basicity. The DFT calculations (including NH 3 ) successfully modelled the RDS as a hydride transfer to the Au cluster, coupling it to a proton transfer from the alcohol to ammonia (middle image, Fig. 1 ). The transition state has a localized partial positive charge on the benzylic carbon and a developing negative charge on the Au, consistent with the experimental evidence.
We then varied the charge on the Au 35 cluster to understand how Au surface electronics affect the hydride transfer. Hydride transfer reaction energies were calculated for BA and the para-substituted (-CF 3 and -OCH 3 ) alcohols using three charged Au 35 clusters. Several conclusions become immediately apparent from the transition state geometries (Supplementary section 'Computational data'). First, the energy and position of the transition state depend strongly on the Au cluster charge. The positively charged cluster has relatively early transition states, evidenced by short C-H and long Au-H interactions. Conversely, the negatively charged cluster goes through later transition states, in which the C-H bond is almost completely broken.
Using several cluster charges (∼−2, 0, 2), the calculated activation barriers and reaction energies exhibit a Brønsted-Evans-Polanyi (BEP) relationship (Fig. 4a ). Because this linear relation precludes the need for computationally demanding transition-state searches for all cluster charges, we used the reaction energies as a measure of reactivity in subsequent calculations. In Fig. 4b , we plot reaction energies for hydride transfer from the para-substituted BAs to Au 35 as a function of cluster charge. Two primary conclusions are apparent from this plot. First, as the cluster becomes more negatively charged, the hydride transfer reaction becomes less favourable. Given the BEP relationship in Fig. 4a , the reaction kinetics also slow down as the cluster becomes more electron-rich. Second, the reaction energy difference between the -CF 3 and -OCH 3 substituted alcohols decreases as the cluster becomes more electron-rich. This energy difference is, essentially, the computational ρ value for each charged cluster. These calculations are entirely consistent with the experimental results. The Au/Al 2 O 3 and Au/SiO 2 catalysts exhibit larger ρ obs values, suggesting greater charge transfer in the RDS and a somewhat later transition state. Conversely, Au/TiO 2 and Au/ZnO have smaller ρ obs values, suggesting an earlier transition state with less charge transfer to the catalyst.
DFT studies: support effects. The weak correlation between the experimental ρ obs values and the support bandgap suggests that the oxide electronics influence the electron density at the Au active site. We therefore considered the support to act as a weak electron donor and sought to use the work function ϕ as a simple measure of the oxide electron-donating ability. Although literature values for TiO 2 and ZnO are available, we were unable to find reliable values for Al 2 O 3 and SiO 2 . Efforts to directly measure ϕ by ultraviolet photoelectron spectroscopy (UPS) were also unsuccessful.
We therefore used DFT to investigate potential relationships between ρ and the oxide work function ϕ. Because amorphous supports were used in the experimental measurements, we calculated ϕ for several surface facets of each oxide support (Supplementary section 'Computational data'), using these calculations as estimates for the range of ϕ values. For ZnO and TiO 2 , the DFT calculations were both ∼1.5 eV greater than experimentally determined literature values (4.3 ± 0.4 eV and 5.2 ± 0.6 eV, respectively) 38 , which also had a relatively wide range. This indicates that, although there may be some differences between the calculated and experimental values, the calculated trends in work function are likely to be consistent with trends for the real materials. Figure 5 shows a correlation between the experimentally determined Hammett slopes ρ obs and DFT-calculated work functions of the metal oxides. In this plot, the width of the bars represents the range of calculated ϕ values, and the height represents the experimental error in ρ obs . The relatively large range in ϕ for each oxide suggests the electron-donating ability of the support is sensitive to the local environment in which an individual nanoparticle resides. Given the range in ϕ and the comparison with ρ obs values determined on amorphous supports, the data show a reasonable correlation between ρ obs and ϕ. Thus, the electron-donation ability of the support, which is a relatively subtle factor, has a comparatively large influence on BA oxidation catalytic activity.
Discussion
Improving supported metal catalysts requires understanding the key factors that affect active site reactivity; however, few techniques directly probe active-site electronics during catalysis. Hammett studies are uniquely suited to probe subtle differences in electronics during a reaction and therefore offer a unique opportunity to characterize the catalyst active-site electronics. Although they correlate with catalytic activity (Fig. 3a) , the experimentally determined ρ obs values are not direct measures of catalytic activity. Rather, ρ obs describes how subtle differences in substrate electronics affect the intrinsic reactivity between the substrate and the active site. Thus, ρ obs is related to the fundamental rate constant of the RDS, whereas catalytic activity depends both on this fundamental reactivity, any preceding steps and the total number of active sites on the catalyst. This is an important distinction because ρ obs values are independent of the number of active sites for a given catalyst.
This study provides a theoretical foundation for explaining experimentally measured differences in ρ obs due to the various supports used: stabilizing the transfer of a negatively charged hydride to the Au active sites becomes increasingly difficult as the Au becomes more negatively (or less positively) charged. Correlating this metric with the experimental data, the logical conclusion is that the less active catalysts (Au/TiO 2 and Au/ZnO) have more negatively charged Au active sites while the more active catalysts (Au/Al 2 O 3 and Au/SiO 2 ) are less negatively (or perhaps more positively) charged. Furthermore, the DFT results in Fig. 4b suggest a more negatively charged Au particle will manifest a lower Hammett slope (computationally, the blue bars in Fig. 4b ). This provides internal consistency between the experimental TOF-ρ obs correlation and the DFT correlations between particle charge, activation barrier and Hammett slope. Collectively, this demonstrates that Hammett studies can be used as an in situ measure of the electron richness of the active site on oxide-supported metal catalysts.
Furthermore, because the experimental ρ obs values did not correlate well with traditional physico-chemical parameters, applying Hammett studies to nanoparticle catalysts in this fashion provides a new opportunity to measure the important yet subtle property of the electron richness or poorness of the active site during catalysis. We clarify that the electron-donation effects observed in the experimental studies are weak ligand effects and should not be confused with a complete electron transfer (which may be observable with other techniques). Infrared spectroscopy of adsorbed CO on Au/Al 2 O 3 and Au/TiO 2 catalysts shows essentially indistinguishable CO stretching frequencies (∼2,100 cm −1 ) and adsorption isotherms 39 . This is consistent with the presence of only Au 0 sites; there is no indication of either Au + or Au − on either catalyst. This study also shows how the support electronics can affect the catalytic activity of supported metal catalysts. This effect is largely underappreciated; however, the experimental data indicate this electron donation roughly doubles (or halves) the TOF for BA oxidation.
We are unaware of any other technique that directly evaluates how the electron richness/poorness of a metal nanoparticle affects catalytic activity. The purpose of the DFT calculations was to investigate the details of the RDS and identify trends, but physical interpretation of the modelled charges is more complicated. We note that a ±2 charge on the cluster seems large, but represents only a ±0.06 charge per atom. This is not an unreasonable charge for an Au atom at or near the metal-support interface, where the interactions with the support are most pronounced and where hydride transfer probably occurs. Because we cannot directly measure the amount of charge transfer, we must limit our interpretations to examining and understanding the trends. Similarly, there may well be morphological differences between Au particles on the different supports. These may be associated with the differences in work function, but we cannot comment further on their roles in affecting reactivity at this stage.
The titania support is somewhat of an outlier from the dominant correlation between ρ obs and ϕ, with titania appearing to have a slightly lower than expected ρ obs value and/or being a somewhat more electron-donating support than is predicted by the DFT calculations. This departure from the trend probably has two origins. First, the range of calculated work functions for titania is more than double that of any of the other oxides, suggesting that local geometries may be particularly important. Second, titania is the most reducible of the supports studied, and oxygen vacancies (which were not included in the DFT calculations) are often implicated in its surface chemistry. The presence of reduced centres on the TiO 2 surface would be expected to generate a more electron-rich oxide and hence more electron-rich Au nanoparticles. Future Hammett studies may provide opportunities to quantify differences in oxygen vacancies as a function of support treatment, or to evaluate the effects of dopants such as N on the electronics of this important support 40 .
Methods
Details are available in the Supplementary Information. We performed catalysis experiments in a stirred glass batch reactor thermostatted at 60°C under constant ambient O 2 pressure. Catalysts were dried at 120°C immediately before use, then placed in the reactor with distilled toluene. The reaction was initiated by adding 10 ml of a 0.10 M BA substrate solution to the reactor. The reaction progress was monitored with gas chromatography, and plots of conversion versus time were used to determine initial reaction rates. Conversions were always held below 10% and usually below 5%; under these conditions no side products were observed.
Electronic structure calculations were performed using the Vienna ab initio simulation package (VASP) with the Perdew-Wang (PW91) version of the generalized gradient approximation (GGA) exchanged correlation functional 41 . Ion-core electron interactions were represented using the projector augmented-wave (PAW) method, and valence electrons were represented using a plane wave basis set with an energy cutoff of 450 eV. A cubic unit cell of size 30 Å was used to calculate hydride abstraction reaction energetics using a Monkhorst Pack k-point sampling mesh of 1 × 1 × 1. Forces on all atoms were minimized to 0.05 eV Å −1 . Activation barriers were calculated using the climbing image nudged elastic band method (CI-NEB) 42 . The transition state was identified as the highest-energy image with the tangential force to the reaction coordinate less than 0.05 eV Å −1 . Each transition state was confirmed with a vibrational frequency calculation.
Data availability. All data, where not included in the manuscript or Supplementary Information, are available from the authors upon request.
